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ABSTRACT
A fraction of dwarf galaxies in the Virgo cluster contain disk features like bars and spiral arms. Using
N -body simulations, we investigate the effects of tidal forces on the formation of such disk features
in disk dwarf galaxies resembling VCC856. We consider 8 Cluster-Galaxy models in which disk dwarf
galaxies with differing pericenter distance and spin orientation experience the tidal gravitational force
of a Virgo-like NFW halo, and additional 8 Galaxy-Galaxy models in which two dwarf galaxies undergo
tidal interactions with different strength. We find that the cluster tidal effect is moderate due to the
small galaxy size, making the bars form earlier by ∼ 1–1.5 Gyr compared to the cases in isolation.
While the galactic halos significantly lose their mass within the virial radius due to the cluster tidal
force, the mass of the stellar disks is nearly unchanged, suggesting that the inner regions of a disk-
halo system is secured from the tidal force. The tidal forcing from either the cluster potential or a
companion galaxy triggers the formation of two-armed spirals at early time before a bar develops.
The tidally-driven arms decay and wind with time, suggesting that they are kinematic density waves.
In terms of the strength and pitch angle, the faint arms in VCC856 are best matched with the arms
in a marginally unstable galaxy produced by a distant tidal encounter with its neighbor ∼ 0.85 Gyr
ago.
Keywords: galaxies: dwarf – galaxies: kinematics and dynamics – galaxies: bulges – galaxies: clusters:
general – galaxies: evolution – galaxies: structure – instabilities – methods: numerical
1. INTRODUCTION
Early-type dwarf galaxies are the most numerous pop-
ulation of galaxies in galaxy clusters, and thus studying
their properties is essential to understand the evolution-
ary history of clusters and galaxy populations therein.
Although dwarf elliptical (dE) galaxies are small in size
and known to be dynamically inactive, their kinematical
and morphological characteristics vary widely, with some
even possessing rotation and hidden disk features (Lisker
et al. 2006a; Toloba et al. 2011; Janz et al. 2012). In
particular, a statistical study of Lisker et al. (2006a) on
the disk features of 476 dEs in the Virgo cluster showed
that ∼ 10% of them actually contain a disk substruc-
ture, and the fraction of such a subpopulation classified
as dEdis increases to ∼ 50% with their luminosity. Due
to the disk features and kinematics of dEdis in clusters,
it has been inferred that the progenitors of dEdis are in-
falling late-type dwarf galaxies that have undergone tidal
interactions and/or ram-pressure stripping in cluster en-
vironments (Jerjen et al. 2000; Barazza et al. 2002, 2003;
Simien & Prugniel 2002; De Rijcke et al. 2003; Geha et al.
2003; Lisker et al. 2006a,b, 2007; Toloba et al. 2011, 2012,
2014; Janz et al. 2012, 2014). Also, dEdis were found to
be a population of genuine disk galaxies instead of dwarf
spheroidal galaxies with a disk component (Lisker et al.
2006a). Discoveries of significant rotation in dEdis also
support the idea that they indeed originate from disk-
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type galaxies (Toloba et al. 2011, 2015).
By inspecting density profiles of the dEdis in the Virgo
cluster, Janz et al. (2012, 2014) found that the barred
and lens populations account for about a half of the to-
tal, and some dEdis are located even far from the cluster
center. Since the cluster tidal field as a trigger for bar
formation is only effective near the cluster core ( Lokas et
al. 2016), the origin of the barred dEs at the outskirts of
the cluster was uncertain. To address the bar formation
in dEs, in Kwak et al. (2017, hereafter Paper I) we ran
N -body simulations of 15 dEdis consisting of disk and
halo, resembling an observed infalling progenitor of disk
dwarf galaxies. After 10 Gyrs of evolution in isolation,
13 out of the 15 models form a bar, while two models
with excessively concentrated halo or a hot disk remain
stable without forming a bar. This implies that dEdis
are intrinsically unstable to bar formation even without
external forces, responsible for the presence of the barred
dwarfs at the outskirts of the Virgo cluster found by Janz
et al. (2012, 2014) where the tidal effect is insignificant.
Paper I also found that the bar-forming models undergo
vertical buckling instabilities that thicken the disk verti-
cally, while shortening the bars (Combes & Sanders 1981;
Combes et al. 1990; Raha et al. 1991; Merritt & Sellwood
1994; Martinez-Valpuesta & Shlosman 2004).
Dynamical instabilities of self-gravitating, rotating
stellar disks are usually invoked as a formation channel of
galactic bars (Miller et al. 1970; Hohl 1971; Kalnajs 1972,
1977). The bar formation time and physical properties
in normal disk galaxies depend on various galaxy param-
ar
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eters including the mass and concentration of dark mat-
ter halo (Ostriker & Peebles 1973; Christodoulou et al.
1995; Sellwood & Evans 2001), disk scale height (Klypin
et al. 2009), fraction of counter-streaming stars (Sell-
wood & Merritt 1994), degree of radial random motions
(Athanassoula & Sellwood 1986), and presence of the
gaseous component (Berentzen et al. 2007; Athanassoula
et al. 2013; Seo et al. 2019). Bars form more easily in
galaxies with a smaller dark halo concentration, a thinner
and colder disk, a lower fraction of the counter-streaming
stars, and/or less gas. Paper I showed that the effects
of these parameters on bars in dEdis are qualitatively
similar to those in normal disk galaxies.
In addition to the internal properties of galaxies, tidal
forces can independently trigger the bar formation. Most
previous studies considered galaxy-galaxy encounters
and found that the bar strength and pattern speed are
correlated with the impact parameter of the galaxy en-
counters. (e.g., Gerin et al. 1990; Noguchi 1996; Miwa &
Noguchi 1998; Oh et al. 2008; Berentzen et al. 2004; Lang
et al. 2014;  Lokas et al. 2014; Oh et al. 2015; Gajda et
al. 2017;  Lokas 2018). Tidal forcing can also be provided
by the cluster potential itself for galaxies in orbital mo-
tions, potentially reshaping their morphology and prop-
erties. Owing to the strong tidal field, the outer region
of extended galactic halos beyond their tidal radii can
be vigorously truncated (Richstone 1976; White 1976;
Merritt 1983). Moore et al. (1996, 1998) showed that
the combined effects of multiple fast encounters as well
as the cluster tidal field are able to transform late-type
galaxies into dEs or dwarf spheroidals. Hierarchical clus-
ter formation, in which the cluster mass grows in time,
may weaken the tidal effects (Moore et al. 1999; Gnedin
2003a,b), but the cluster tidal field and galaxy encounters
still play an important role in the galaxy metamorpho-
sis, possibly destroying low luminosity galaxies with rela-
tively large scale lengths. Smith et al. (2010) investigated
the effects of harassment on infalling late-type galaxies
and showed that strong transformations may occur in
cluster cores, albeit infrequently. Yet, the effects of the
cluster tidal force on the properties of non-axisymmetric
features in dEdis has to be explored.
The existence of two-armed spirals has occasionally
been reported among the Virgo dEdis, notably VCC856,
suggesting that such dEdis with spirals are under ro-
tation (Jerjen et al. 2000; Lisker et al. 2006a; Lisker &
Fuchs 2009a; Lisker et al. 2009b). These arms are so faint
that they can be recognized only after unsharp masking.
One of the widely accepted mechanisms for the forma-
tion of spiral arms is swing amplifications of inherent
noises or internal perturbations by molecular clouds in
galactic disks, usually resulting in multiple arms that
are transient and recurrent (e.g., Fujii et al. 2011; Grand
et al. 2012, 2013; Baba et al. 2013). When disk galaxies
undergo tidal interactions which induce m = 2 pertur-
bations, however, swing amplifications produce two arms
close to kinematic density waves, modified by self-gravity,
in disks with a central bulge component that tends to
suppress the bar instability triggered by the tidal encoun-
ters (e.g., Donner & Thomasson 1994; Oh et al. 2008,
2015; Pettitt et al. 2016; Semczuk et al. 2017). Although
the two-armed spiral structures in VCC856 are driven
most likely by tidal forcing, it is questionable which tidal
force between cluster tidal field and a galaxy-galaxy en-
counter is more important for the arm formation. Since
VCC856 is a bulgeless galaxy that is usually unstable
to bar formation, a weak tidal force should be applied
before the bar formation to account for the faint spirals
in VCC856. Previous work that studied arm formation
by galaxy-galaxy encounter (e.g., Donner & Thomasson
1994; Oh et al. 2008, 2015; Pettitt et al. 2016) or by the
cluster tidal field (e.g., Byrd & Valtonen 1990; Semczuk
et al. 2017) all considered normal disk galaxies, so that it
is interesting to study how effective the tidal forces will
be in inducing spiral structure in dEdis.
In this paper, we run N -body simulations of dEdis
to investigate how the cluster tidal field and galaxy in-
teractions separately alter their dynamical evolution in
galaxy clusters. This extends Paper I in which they were
evolved in isolation. We borrow two galaxy models from
Paper I, representing either stable or unstable model of
VCC856 within observational error ranges, and let them
orbit under the cluster potential or undergo a tidal en-
counter with a neighbor. We explore how the cluster
tidal force affects the stability of stellar disks, the bar
shape and strength, vertical buckling instabilities, and
the halo mass truncation, in comparison with those in
the isolated counterparts. We also quantify the physical
properties of spiral arms induced by the tidal forces. By
comparing arms in simulations with those in VCC856, we
suggest a probable formation mechanism for spiral arms
in dEdis.
This paper is organized as follows. In Section 2, we
introduce our Cluster-Galaxy and Galaxy-Galaxy mod-
els and numerical methods. In Section 3, we present the
properties of early spiral arms and late-time bars pro-
duced in the Cluster-Galaxy models. We also describe
the dependence of the changes in the galaxy mass and
angular momentum transfer on the tidal force and the
spin orientation. In Section 4, we present the properties
of the spiral arms created in the Galaxy-Galaxy mod-
els. In Section 5, we summarize our results and discuss
them in the context of galaxy evolution in cluster envi-
ronments.
2. MODELS AND METHODS
To investigate dynamical evolution of dwarf disk galax-
ies subject to various tidal perturbations, we choose
galaxy models constructed in Paper I and run two types
of simulations: Cluster-Galaxy models and Galaxy-
Galaxy models. In the Cluster-Galaxy models, a galaxy
follows an eccentric orbit about the center of a Virgo-like
cluster and responds to the gravitational force of the clus-
ter. In the Galaxy-Galaxy models, two galaxies interact
gravitationally on their mutual parabolic orbits.
2.1. Galaxy Models
In Paper I, we chose VCC856, one of dEdis in the Virgo
cluster, as our standard model to represent infalling pro-
genitors and constructed 15 isolated galaxy models al-
lowing for uncertainties in its observed properties. Pho-
tometric studies show that it is nearly gas free, has an
exponential stellar disk without a bulge component, and
possesses faint m = 2 spirals with amplitudes ∼ 3–4% of
the disk (Jerjen et al. 2000). In terms of kinematics, it
is rotationally supported (Simien & Prugniel 2002) and
is not dominated by a dark halo within the effective ra-
dius (Toloba et al. 2014). These properties suggest that
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Table 1
Cluster-Galaxy Model Parameters
Model Galaxy (X,Y, Z)i (vX , vY , vZ)i Spin TFC
[Mpc] [km/s]
(1) (2) (3) (4) (5) (6)
C1 S1 (−0.5, 0, 0) (0,−350, 0) pro- 0.26
C2 S1 (−0.75, 0, 0) (0,−350, 0) pro- 0.16
C3 S1 (−1.0, 0, 0) (0,−350, 0) pro- 0.11
C4 S1 (−1.5, 0, 0) (0,−350, 0) pro- 0.060
C5 DM2 (−0.5, 0, 0) (0,−350, 0) pro- 0.16
C6 DM2 (−1.5, 0, 0) (0,−350, 0) pro- 0.037
R1 S1 (−0.5, 0, 0) (0,+350, 0) retro- 0.26
I1 S1 (−0.5, 0, 0) (0, 0,−350) ortho- 0.26
Note. — Column (1) is the model name. Column (2) is the
galaxy name that orbits around the Virgo-like dark matter halo.
Columns (3) and (4) indicate the initial position and velocity of the
galaxy. The ratio of apocenter to pericenter is set to 5. Column (5)
lists the spin orientation of the galaxy relative to its orbit: ‘pro-’
and ‘retro-’ stand for prograde and retrograde spin, while ‘ortho-’
corresponds to the stellar disk perpendicular to its orbital plane.
Column (6) gives the dimensionless tidal force at the pericenter.
VCC 856 might have experienced ram-pressure stripping
in the cluster, but undergone neither strong tidal inter-
actions nor major mergers, preserving the early shapes
of infalling late-type dEs. In this paper, we borrow two
galaxy models, Galaxies S1 and DM2, from Paper I and
study their dynamical evolution subject to time-varying
tidal forces.
Our progenitor galaxy models consist of an exponential
stellar disk embedded in a dark matter halo that follows
the Hernquist profile (Hernquist 1990). Galaxy S1 is the
standard model whose properties are the same as the
mean observed values of VCC856 in terms of the rota-
tion curve (Simien & Prugniel 2002), velocity anisotropy
(Gerssen 2000; Lisker & Fuchs 2009a), stellar mass and
central dark matter fraction (Toloba et al. 2014), and me-
dian axial ratio (Lisker et al. 2007; Lisker & Fuchs 2009a).
It has the total disk mass Md = 10
9 M, the disk scale
length rd = 0.625 kpc, the disk scale height zd = 0.33Rd,
the halo mass MDM = 1.5×1010 M, the halo concentra-
tion c = 9, the dark matter fraction fDM(r < reff) ∼ 30%
within the effective radius reff = 1.68rd, with rd be-
ing the disk scale radius, and the velocity anisotropy
fr = σ
2
r/σ
2
z = 1.56. Paper I showed that, when evolved
in isolation, Galaxy S1 with the Toomre stability pa-
rameter of QT ∼ 1.3 at r = 0.7 kpc forms a bar that
starts to grow from t ∼ 2 Gyr, achieves a peak strength
at t ∼ 6.4 Gyr, and undergoes an episode of buckling
instability at t ∼ 6.7 Gyr. On the other hand, Galaxy
DM2 has c = 20 and fDM(r < reff) ∼ 54%, correspond-
ing to the upper limit of the observed dark matter frac-
tion, while the other properties are kept the same as
in Galaxy S1. The strong dark matter concentration
leads to QT ∼ 1.8 at r = 1.7 kpc, making the disk in
Galaxy DM2 stable and featureless until the end of the
run (10 Gyr).
2.2. Cluster-Galaxy Models
Our Cluster-Galaxy models consist of a cluster and a
progenitor galaxy that orbits about the cluster center.
For the cluster, we follow the realization procedure of
Kazantzidis et al. (2004) to set up the NFW form of the
dark matter distribution
ρDM(R) =
ρ0
(R/Rs)(1 +R/Rs)2
, (1)
where ρ0 is the characteristic density, Rs is the scale
radius, and R is the clustocentric radius (Navarro et al.
1997). The corresponding virial mass Mvir and radius
Rvir are given by
Mvir = 4piρ0R
3
s
[
ln(1 + ccl)− ccl
1 + ccl
]
, Rvir = cclRs,
(2)
with the concentration parameter ccl. Our adopted clus-
ter has Mvir = 5.4 × 1014 M and the concentration
ccl = 3.8, resembling the properties of the Virgo clus-
ter estimated via gravitational lensing (Comerford &
Natarajan 2007). Since the total mass of the NFW dis-
tribution is divergent, we employ an exponential cutoff
with the scale length of 0.1Rvir beyond the virial radius
Rvir = 2.1 Mpc (Springel & White 1999).
We consider eight Cluster-Galaxy models by varying
the galaxy type, orbital radius, and spin orientation
of galactic disks. Table 1 lists the parameters of each
model. In Models C1–C4, we place Galaxy S1 on four
orbits with different (clustocentric) apocenter distances
Rapo = 0.5, 0.75, 1.0, 1.5 Mpc. The initial orbital veloc-
ity (vX , vY , vZ)i is chosen to make the ratio of apocenter
to pericenter distances to Rapo/Rperi = 5 for all models,
corresponding to a median value for dark haloes within
galaxy clusters in cosmological simulations (Ghigna et
al. 1998). These orbital parameters of Model C1–C4
are taken from  Lokas et al. (2016) who studied tidal
responses of normal disk galaxies. In Models C5 and
C6, we place Galaxy DM2 on the innermost and out-
ermost orbits, respectively. For Models C1 to C6, the
disks spin in the same direction as their orbits that are
in the counterclockwise direction seen from the positive
Z-axis. Models R1 and I1 are the same as Model C1
except for the galaxy orbit. In Model R1, the orbital an-
gular momentum of the galaxy is inverted relative to the
spin orientation. In Model I1, the galaxy orbits about
the negative Y -axis, so that the tidal force would be ex-
erted in the direction perpendicular to the disk at each
pericenter and apocenter.
To quantify the cluster tidal effects on the galaxies, we
define the dimensionless tidal force parameter TFC as
TFC =
(
Mcl
Mgal
)(
rgal
Rperi
)3
, (3)
whereMcl is the enclosed mass of the cluster withinRperi,
andMgal is the total (stars plus dark matter) galaxy mass
within rgal = 7rd (e.g., Byrd & Howard 1992). Within
rgal, the enclosed disk mass is approximately the same
as the total disk mass, but the enclosed halo mass differs
in Galaxies S1 and DM2, owing to their different halo
concentration: Mgal = 2.88× 109 M for Galaxy S1 and
4.68×109 M for Galaxy DM2. The corresponding TFC
values are listed in Column 6 of Table 1.
2.3. Galaxy-Galaxy Models
We additionally construct the Galaxy-Galaxy models
to compare the differences in the properties of the spiral
arms induced by a cluster tide and a galaxy encounter.
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Each Galaxy-Galaxy model consists of a galaxy and a
perturber moving on mutual parabolic, prograde orbits.
As a target galaxy, we consider Galaxies S1 and DM2,
but use only Galaxy DM2 as a perturbing galaxy for all
models. To control tidal forcing, we vary the (galacto-
centric) pericenter distance rperi from 9.6 kpc to 16.5 kpc.
The initial separation between the galaxy and perturber
is kept fixed to 50 kpc. These parameters are chosen so as
to study the formation of faint spirals in the inner regions
of galaxies via tidal encounters. In total, we consider 8
models of galaxy encounters. The model parameters and
simulation results are presented in Section 4.
2.4. Numerical Method
Using the GALIC code (Yurin & Springel 2014), we
construct the initial configurations of the galaxy models
as well as the Virgo-like cluster halo (see Paper I). The
numbers of particles distributed are 5× 105 for the stel-
lar disk, 2 × 106 for the galactic dark halo, and 106 for
the cluster halo. The softening length of each compo-
nent is set equal to the mean particle distance within the
half mass radius. All of our simulations are run using
the changa code, a hybrid N -body and SPH code, with
the force accuracy option θ = 0.7 and the timestepping
scale η = 0.1 (Jetley et al. 2008, 2010; Menon et al.
2015). We evolve the Cluster-Galaxy and the Galaxy-
Galaxy models for 10 Gyr and 1.5 Gyr, respectively. We
analyze and visualize the outputs by using pynbody, a
python package specialized for N -body and SPH simula-
tions (Pontzen et al. 2013).
3. CLUSTER-GALAXY INTERACTION
Our galaxies in Models C1 to C6 placed initially at
their apocenters X = −Rapo start to move toward the
negative Y -direction. They orbit about the cluster cen-
ter in the counterclockwise direction seen from the posi-
tive Z-axis, which is in the same sense as the disk spin.
In general, the galaxy orbits are not closed in the in-
ertial frame, drawing rosetta shapes. The trajectories
of the galaxy orbits, the temporal changes of the clus-
tocentric distance, and orbital velocity of the galaxies
in Models C1–C4 are overall similar to those shown in
Figures 1 and 2 of  Lokas et al. (2016). The galaxy
in Model C1 to C4 reaches the pericenter for the first
time at tperi = 0.7, 1.0, 1.3, 1.9 Gyr with the velocity
vgal = 1496, 1670, 1782, 1910 km s
−1, respectively. The
galaxy orbits in Models C5 and C6 are similar to those
in Models C1 and C2, respectively. The galaxies in Mod-
els R1 and I1 are set to initially move in the positive Y -
and negative Z-directions, respectively.
D’Onghia et al. (2010) demonstrated that in a galaxy-
galaxy encounter, a quasi-resonance between galaxy orbit
and its spin may result in a strong tidal response in the
disk where its spin frequency Ωdisk becomes comparable
to the orbital angular frequency Ωorb of the perturbing
galaxy. The similar resonance may occur in our Cluster-
Galaxy models at the radius where Ωdisk = vcir/r is equal
to Ωorb = vgal/Rgal, where vcir is the circular velocity of
the disk spin and r is the galactocentric distance. The or-
bits of our galaxies predict that the quasi-resonant radii
are r = 2.80, 3.41, 3.94, and 4.90 kpc for Models C1 to
C4, respectively. Since dEdis are very small in size, this
implies that the tidal response would not be very effective
even for Model C1 with strongest tidal forcing, whose
effective disk radius is smaller than the quasi-resonant
radius by a factor of ∼ 2.7.
3.1. Early Spiral Arms
Weak tidal forces due to the cluster potential form
a two-armed spiral in some prograding models at early
time. Figure 1 plots the face-on views of the surface den-
sity of the stellar disk in Models C1, C2, C3, and C5 at
t = tperi + 0.35 Gyr before developing a small bar, to-
gether with the contours of the m = 2 Fourier mode.
Tidal perturbations in Models C4 and C6 are too weak
to produce clear spiral structures in the inner regions
of the disks. Models R1 and I1 with different spin ori-
entations are not susceptible to the formation of spiral
arms. After this time, galaxies possess both spirals and
bars, the latter of which soon grow to dominate the non-
axisymmetric features.
We quantify the arm strength by 〈F2/F0〉arm, where
Fm denotes the amplitude of the Fourier transform
Fm(r) =
∑
j
µj(r)e
imφj , (4)
where µj and φj are the mass and azimuthal angle of
the j-th particle in a radial bin with width ∆r = 0.1 kpc
centered at r, and 〈 〉arm indicates a spatial average over
r = 1.0–2.0 kpc, consistent with the radial range of the
observed arms in VCC 856 (Jerjen et al. 2000). The
arm pitch angle i is determined as i = arctan(2/pmax)
in the same radial range, where pmax is the slope in the
lnR–φ plane of the locus of the maximum F2. The arm
strength and pitch angle measured at t = tperi +0.35 Gyr
are found to be 〈F2/F0〉arm = 5 ∼ 9% and i = 15.1◦–
16.6◦ for Models C1, C2, C3 and C5, as given in Figure
1.
Figure 2 plots the temporal variations of the arm
strength after t = tperi as well as its correlation with
the tidal force parameter TFC and the arm pitch an-
gle measured at t = tperi + 0.35 Gyr for models with
spiral arms. In the top panel, Model C1, which hosts
Galaxy S1 on the innermost orbit, forms the strongest
arms, while Model C3 possesses the weakest arms due to
largest Rperi. Although Models C2 and C5 have the same
Rperi, arms are weaker in Model C5 that hosts Galaxy
DM2. This indicates that the central concentration of a
dark halo tends to stabilize the stellar disk. Note that
the arm strength is almost linearly proportional to the
tidal forcing TFC that allows for central concentration
via Mgal. Overall, the arms decay and wind over time
after achieving the peak strength, with the decaying rate
faster for stronger arms. This suggests that the tidally-
driven arms are kinematic density waves (e.g., Oh et al.
2008, 2015).
Figure 2 shows that the arms formed in our Cluster-
Galaxy models are comparable to the faint spirals in
VCC856 with 〈F2/F0〉arm = 0.03–0.04 and i = 12.1◦
(Jerjen et al. 2000), although the former is slightly less
wound than the latter. Presumably, a model with tidal
forcing slightly weaker than Model C3 (but stronger than
Model C4, i.e., 0.06 . TFC . 0.11) may produce spiral
arms comparable, in strength, to those in VCC856. The
simulated arms, however, do not wind out below 15◦ at
t = tperi+0.35 Gyr after which a small bar begins to grow
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Figure 1. Distributions of the surface density Σ of the stellar disk projected along the z-direction in Models C1, C2, C3, and C5, from
left to right, that possess spiral arms. The times chosen are 0.35 Gyr after the first pericenter passage for all models. The colorbar indicates
Σ in units of M kpc−2. Overlaid in the bottom panels are the overdensity contours of the m = 2 Fourier mode. The mean strength
〈F2/F0〉arm and the pitch angle i of the arms are displayed.
at r . 1 kpc. In Section 4, we shall show the formation
of the spiral arms induced by a galaxy interaction.
3.2. Late-time Bar
3.2.1. Bar Formation and Buckling Instability
Tidal forcing not only produces spirals at early time
(see Fig. 2) but also excites stellar motions that are or-
ganized into a bar at late time. Figure 3 plots the tem-
poral evolution of the bar strength 〈F2/F0〉bar averaged
over r = 1.3–1.7 kpc in (a) Models C1–C4, (b) Models
C5 and C6, and (c) Models C1, R1 and I1 with different
spin orientations. For comparison, the results for Galax-
ies S1 and DM2 in isolation are drawn as the black line
in each panel. The transition from the spiral-dominated
disk to the bar-dominated disk occurs smoothly around
t = 1–2 Gyr. The tidal forcing tends to make the bars
form earlier by ∼ 1–1.5 Gyr in Models C1–C4, compared
to Galaxy S1 in isolation. However, stronger tidal force
does not always correspond to faster and stronger bar
formation, since a significant fraction of the tidal pertur-
bations go to the spiral modes and heat the disk at early
time.1 Models C5 and C6 employing Galaxy DM2 with
a compact dark halo do not possess a strong bar until
the end of the run. Despite different spin orientations,
the bar formation and growth in Models R1 and I1 are
not much different from Model C1.
Figures 4 and 5 display the density slices of the stel-
lar disks at z = 0 and y = 0 planes, respectively, for
Models C1, R1, and C5, in comparison with Galaxy
S1, at three epochs corresponding to the pre-buckling
(t = 5.3 Gyr), post-buckling (t = 7.0 Gyr), and the final
state (t = 10 Gyr). The levels of the overlaid contours are
1 The presence of spiral arms is known to increase the velocity
dispersions of stellar particles (e.g., Sellwood & Carlberg 1984;
Carlberg & Freedman 1985; Jenkins & Binney 1990; Sellwood &
Binney 2002; De Simone et al. 2004; Minchev & Quillen 2006).
in logarithmic scale between 107.89 and 106.5 M kpc−3
with the innermost level corresponding to the bar bound-
ary. Galaxies in all models except for Models C5 and C6
undergo an episode of the buckling instability that weak-
ens and thickens the bar, after which galaxy morpholo-
gies do not change much over time. Even in Model I1,
to which the tidal force is exerted vertically, the edge-on
morphology is almost the same as the others. This in-
dicates that the bar formation and subsequent buckling
instability are the major factors that alter the vertical
structure, while the tidal effects by clusters are not sig-
nificant on the morphological transformation. Model C5
possesses a weak bar or an oval structure until the end
of the simulation, in which the velocity anisotropy is not
high enough to trigger buckling instability.
We use the critical density ρc = 10
7.89 M kpc−3 as
the boundaries of the bars formed in our simulations.
Figure 6 plots the temporal changes of the bar semi-
major axis a (red), semi-minor axis b (blue), and ellip-
ticity  = 1 − b/a (green). For comparison, the results
of Galaxy S1 in isolation are plotted as the grey lines in
all panels. In Models C1–C4, the maximum value of a is
inversely proportional to TFC. This is most likely due to
tidal heating that causes the stellar orbits to deviate from
bar-supporting orbits. Model R1 with the same TFC as
Model C1 but has an inverted spin orientation relative to
the orbit forms a longer bar than Model C1, suggesting
that the bar growth is affected by the presence of spiral
arms. On the other hand, Models C5 and C6 that host
Galaxy DM2 do not form a clear bar but an oval with
 . 0.4, suggesting tidal forcing with TFC . 0.26 is not
strong enough to trigger bar formation in stable dwarf
galaxies like Galaxy DM2.2
2 Gajda et al. (2017) showed that a dwarf galaxy that is highly
stable in isolation forms a bar subject to a sufficiently strong tidal
force from a Milky Way-like host.
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Figure 2. (a) Variations of the arm strength 〈F2/F0〉arm as a
function of time elapsed from the first pericenter passage tperi in
Models C1, C2, C3, and C5. Dependence of 〈F2/F0〉arm measured
at t = tperi+0.35 Gyr on (b) the tidal forcing parameter TFcls and
(c) the arm pitch angle. The grey circle in (c) corresponds to the
observed arms in VCC856 for comparison.
The bar formation causes the orbits of stars to be elon-
gated, increasing the radial velocity dispersion σr until
the end of the run (e.g., Paper I). In Figure 7, we plot
the temporal evolution of the velocity dispersions within
r = 5rd of the stellar component in the (top) radial and
(bottom) vertical directions. Some spikes seen in the σr
curves for Models C1–C6 and R1 are induced by the im-
pulsive tidal forcing near each pericenter passage that
heats the disk temporarily. The corresponding changes
in the σz curves are relatively smooth, except for Model
I1 in which the tidal forcing is significant along the z-
direction near the pericenter approaches. We note that
Figure 3. Temporal evolution of the bar strength 〈F2/F0〉bar
averaged over the regions with r = 1.3–1.7 kpc for (a) Models C1–
C4, (b) Models C5 and C6, and (c) Models C1, R1, and I1. In all
panels, the results of Galaxy S1 and DM2 in isolation are compared
as black solid lines. Note that 〈F2/F0〉bar at t . 2 Gyr, in Models
C1–C3 and C5, measures the strength of spiral arms that form
earlier than the bar.
a secular increase of σr at t . 3 Gyr in Models C1–C4
in comparison with Galaxy S1 results from tidal forcing
that forms spiral arms at early time, as shown in Fig-
ure 1. Models R1 and I1 without spiral structure do not
have such a secular increment of σr at t . 3 Gyr, but
exhibit temporary peaks in σr, induced by the impulsive
tidal forcing at pericenter passages (e.g., t = 0.70 and
2.15 Gyr).
A buckling instability occurs when the ratio of vertical
to radial velocity dispersion decreases below a threshold
value σz/σr . 0.3 in a uniform disk (Toomre 1966; Araki
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Figure 4. Face-on view of the stellar density ρ in the z = 0 plane at three selected epochs, pre-buckling (t = 5.3 Gyr), post-buckling
(t = 7 Gyr), and end of the run (t = 10 Gyr) from left to right, for Galaxy S1 and Models C1, R1, and C5 from top to bottom. The colorbar
gives ρ in units of M kpc−3.
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Figure 5. Edge-on view of the stellar density ρ in the y = 0 plane at three selected epochs, pre-buckling (t = 5.3 Gyr), post-buckling
(t = 7 Gyr), and end of the run (t = 10 Gyr) from left to right, for Galaxy S1 and Models C1, R1, and C5 from top to bottom. The colorbar
gives ρ in units of M kpc−3.
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Figure 6. Temporal evolution of the semi-major axis a (red),
semi-minor axis b (blue), and ellipticity  = 1− b/a (green) of the
bars in all models. The results of Galaxy S1 in isolation are plotted
in grey lines for comparison.
1985). For normal, radially-stratified disk galaxies, the
critical values change to σz/σr = 0.25 ∼ 0.55 in mid-disk
regions and 0.66 ∼ 0.77 in the central regions (Raha et al.
1991; Sotnikova & Rodionov 2005; Martinez-Valpuesta et
al. 2006). Paper I found that dwarf galaxies undergo a
buckling instability if σz/σr . 0.63 at r = 0.9 kpc. The
bar formation and the ensuing angular momentum trans-
fer, which increase velocity anisotropy by inducing radial
random motions, are a favorable channel for the vertical
buckling instability. Nevertheless, the presence of a bar
is not a necessary condition for a vertical instability as
Paper I observed weak warping in the outer part of a non-
barred dwarf galaxy, Galaxy DP4, because of its initially
high radial velocity dispersion (see their Fig. 14(h)).
The occurrence and strength of the buckling instability
are well recognized by means of the mean vertical veloc-
ity of stellar disks. Figure 8 plots the temporal variations
of |〈vz〉| at r = 1.2 kpc (red) and r = 2.4 kpc (blue) for
all models with a bar. All models with a strong bar
undergo the first episode of buckling instabilities, form-
ing a sharp peak around ∼ 5–6 Gyr. Models with lower
TFC and longer bars suffer a stronger buckling instabil-
ity, forming a larger peak in |〈vz〉| at r = 1.2 kpc. Sim-
ilarly to Galaxy S1 in isolation, the secondary buckling
instabilities follow afterward as a result of bar regrowth
(Martinez-Valpuesta et al. 2006; Paper I). The heights
and epochs of the peaks in |〈vz〉| are slightly different
owing to the different bar properties induced by the tidal
force. Model C1 also experiences vertical velocity asym-
metry at r = 2.4 kpc around t = 2–5 Gyr, which is not
a consequence of bar-bending buckling instability since
|〈vz〉| at r = 1.2 kpc remains close to zero. Rather, we
attribute this to a weak buckling instability of the outer
regions where radial heating by the spiral arms and bar
increases the radial velocity dispersion (Fig. 7(c)), even-
tually making σz/σr drop below the threshold value for
the instability.
3.2.2. Change in Mass and Angular Momentum
Owing to the tidal field in a cluster, galactic halos un-
dergo a significant mass loss especially in the outer re-
gions (Richstone 1976; White 1976; Merritt 1983). Fig-
ure 9 plots the temporal evolution of the enclosed mass
of the dark halo M˜DM within r = 10 kpc relative to the
initial value for all models. At early time, M˜DM increases
temporally due to tidal compression as the galaxies ap-
proach the cluster center, and then starts to decrease due
to tidal stretching as well as truncation right after pass-
ing the pericenter. This tidal compression and stretching
pattern repeats at each pericenter passage. The decrease
in M˜DM is more vigorous in models with smaller Rperi
and a lower concentration parameter. At t = 10 Gyr,
for instance, M˜DM(r < 10 kpc) decreases by ∼ 70% and
10% in Models C1 and C6, respectively. The change of
M˜DM within the initial virial radius is ∼ 80% at the end
of the run for Model C1. We also calculate the normal-
ized enclosed mass of the stellar component, M˜?, within
r = 10 kpc and find a similar temporal trend, although
the decrease in M˜?(r < 10 kpc) is only ∼ 4% for Model
C1. The changes in M˜?(t) and M˜DM(t) due to different
spin orientations are negligibly small.
Athanassoula (2003) demonstrated that a stellar bar
continuously transfers the angular momentum to its live
halo, and this angular momentum transfer is integral for
the bar growth, slowdown, and buckling instability (see
also Athanassoula 2005; Berentzen et al. 2006; Athanas-
soula 2007, 2014; Sellwood 2016; Paper I). Figure 10
plots the temporal evolution of (a) the angular momen-
tum Lz,? in the stellar disk inside r = 10 kpc and (b)
angular momentum Lz,DM in the galactic halo inside
r = 10 kpc, and (c) the combined angular momentum
within the virial radius rvir = 40 kpc of the galactic halos
for all models with Galaxy S1. Soon after the bar forma-
tion, all stellar disks begin to lose their angular momenta
to the surrounding halos. While Galaxy S1 in isolation
loses ∼ 27% of its initial Lz,? to its halo in 10 Gyr, the
amount of the angular momentum loss increases to 34
and 62% in Models C4 and C1, respectively, indicating
that the tidal forcing promotes the angular momentum
transfer. Among the models with different spin orien-
tations, the angular momentum loss is lowest in Model
I1, while Model R1 still loses ∼ 50% of the initial Lz,?
despite its inverted spin direction.
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Figure 7. Evolution of the radial velocity dispersion σr (upper panels) and the vertical velocity dispersion σz (lower panels) of the stellar
component within r = 5rd for all models. The results for Galaxies S1 and DM2 in isolation are compared as black solid lines.
The evolution of Lz,DM(r < 10 kpc) is characterized
by multiple peaks combined with a secular increase. The
multiple peaks are caused by tidal torques at the pericen-
ter passages, which occur due to misalignment between
the major axis of the tidally distorted halo and the line
connecting the halo and the cluster center (e.g., Pereira
& Bryan 2010). In Model C1 (R1), the major axis lags
(leads) the line connecting the halo and cluster center,
resulting in positive (negative) tidal torque. Other than
these peaks, Lz,DM(r < 10 kpc) secularly increases for
all models as the halos absorb positive angular momenta
from the disks. The total angular momentum of Galaxy
S1 is conserved as the galactic halo absorbs the amount
of angular momentum lost from its rotating stellar bar
(see also Fig. 6 in Paper I). Due to the mass loss at con-
secutive pericenter passages, however, our tidal models
do not conserve the total angular momentum within the
initial virial radius of the galactic halos.
Figure 11 plots the temporal changes of the bar pat-
tern speed Ωb for all models with a bar, showing that all
bars slow down over time at similar rates. Athanassoula
(2003) showed that a stronger and longer bar tends to
slow down more rapidly for galaxies in isolation (see also
Paper I). For normal galaxies in tidal interactions, on
the other hand,  Lokas et al. (2016) showed that stronger
tidal forcing results in a stronger bar with lower Ωb. How-
ever, the tidal force by the cluster on our current models
for dEdis is not much effective on Ωb and its decay. In
fact, the insensitivity of Ωb to the tidal forcing is con-
sistent with the results of Miwa & Noguchi (1998) who
found that the bar properties induced by a weak tidal
force depend rather strongly on the intrinsic properties
of a galaxy. A strong tidal force would instead ‘wash out’
the intrinsic galaxy properties, making the bar properties
dependent upon the tidal parameters. We note that Ωb
and Lz,? in Model C1 simultaneously decrease at t ∼ 6.35
and 9.15 Gyr and increase at t ∼ 7.75 Gyr. This occurs
because the bar can either speed up or slow down due to
tidal torque at each pericenter passage, depending on its
orientation relative to the line connecting the galaxy and
cluster centers, as reported in  Lokas et al. (2014, 2016).
Bars are considered to be slow if R ≡ rCR/a is larger
than 1.4 (Elmegreen 1996), where rCR denotes the coro-
tation resonance. For Models C1 and C4, rCR = 2.98
and 2.65 corresponding to R = 1.32 and 1.51, respec-
tively, at t = 5.3 Gyr before the onset of the buckling
instability. These values increase to R = 2.62 and 2.66
for Models C1 and C4, respectively, at t = 10 Gyr owing
to the bar slowdown, suggesting that the bars formed in
our models are fast at their formation, and subsequently
lose angular momentum to turn to slow rotators (e.g.,
Seo et al. 2019).
Figure 6 shows that Model R1 forms a longer bar than
Model C1 despite the same TFC. Owing to its retrograde
spin, Model R1 does not form any spiral structure that
induces radial heating, which eventually hinders the bar
growth. Meanwhile, Model R1 still loses a large amount
of Lz,? comparable to Models C1 and C2 at t = 5 Gyr.
When the tidal force is not strong enough to wash out
the intrinsic galaxy properties (Miwa & Noguchi 1998),
the maximum bar length achieved can be affected by the
spiral-driven radial heating at early time as well as the
amount of angular momentum transfer.
4. GALAXY-GALAXY INTERACTION
The presence of spiral substructures with pitch an-
gles similar to those of late-type galaxies has been fre-
quently reported in many dEs, including VCC856 in the
Virgo cluster (e.g., Jerjen et al. 2000; Lisker et al. 2006a;
Lisker & Fuchs 2009a; Lisker et al. 2009b). As pre-
sented in Section 3.1, our Cluster-Galaxy models form
m=2 spirals driven by the cluster potential in the early
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Figure 8. Temporal evolution of the mean vertical velocity |〈vz〉|
at r = 1.2 kpc (red) and r = 2.4 kpc (blue) of the stellar component
in Models C1–C5, R1, and I1. For comparison, the results for
Galaxy S1 in isolation are plotted in (a).
Table 2
Galaxy-Galaxy Model Parameters
Model Galaxies Pericenter TFG
Target, Perturber [kpc]
(1) (2) (3) (4)
G1 S1, DM2 9.6 0.26
G2 S1, DM2 11.9 0.15
G3 S1, DM2 14.2 0.095
G4 S1, DM2 16.5 0.064
G5 DM2, DM2 9.6 0.16
G6 DM2, DM2 11.9 0.092
G7 DM2, DM2 14.2 0.059
G8 DM2, DM2 16.5 0.039
Note. — Column (1) is the model name. Col-
umn (2) lists the names of target and perturbing
galaxies. Column (3) is the pericenter distance.
Column (4) lists the dimensionless tidal force at
the pericenter.
Figure 9. Evolution of the normalized enclosed mass of the galac-
tic dark halo M˜DM within r = 10 kpc relative to the initial value
for all Cluster-Galaxy models. As the halo orbits about the clus-
ter center, it undergoes tidal compression and stretching repeatedly
before and after the pericenter passage, respectively, increasing and
decreasing M˜DM.
phase of evolution. Such spirals have the arm strengths
〈F2/F0〉 ∼ 0.05–0.09 and the pitch angles i ∼ 15.1◦–
16.6◦, which appear slightly more loosely wound than
the observed arms in VCC856 with i = 12.1◦.
With an aim to find probable conditions for the for-
mation of faint and tightly wound spirals, we consider
8 models of Galaxy-Galaxy interactions on mutual pro-
grading orbits, listed in Table 2. Models G1–G4 study
interactions between Galaxies S1 and DM2, while Mod-
els G5–G8 consider interactions between two identical
Galaxies DM2. As a measure of the tidal force in the
galaxy-galaxy interactions, we define the dimensionless
parameter TFG defined as
TFG =
(
Mptb
Mgal
)(
rgal
rperi
)3
, (5)
where Mptb is the total mass of the perturbing galaxy
within rperi, while Mgal is the total mass of the target
galaxy within rgal = 7rd. The pericenter passage occurs
at t ∼ 0.65 Gyr, and the corresponding TFG values for
all models are listed in Column 4 of Table 2.
We present the simulation results from the Galaxy-
Galaxy models only up to t = 1.5 Gyr: the ensuing evo-
lution is dominated by bar formation and an eventual
galaxy merger even before a bar fully grows. The quasi-
resonant radii are 3.1, 3.8, 4.4, and 5.0 kpc for models
with the pericenter distance of rperi = 9.6, 11.9, 14.2, and
16.4 kpc, respectively, which is passed at t = 0.65 Gyr.
Since the enclosed disk mass within r = 3.1 kpc is 96%
of the total, the galaxy-galaxy interactions are expected
to be only moderate. Also, as discussed in Section 3, the
spiral arms in Models G5–G8 that host Galaxy DM2 are
expected to be fainter as their highly concentrated halos
stabilize the disk.
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Figure 10. Evolution of the angular momentum in (a) the stellar
disk within r = 10 kpc, (b) the galactic halo within r = 10 kpc,
and (c) both disk and halo within the virial radius rvir = 40 kpc,
in units of M kpc km s−1.
At t = 1.5 Gyr, Models G1, G2, and G5 with relatively
strong tidal forcing are already dominated by a large-
scale bar in the regions with r . 1.5 kpc, so that their
spiral-only phase lasts very briefly. In case of Model G8,
The tidal forcing is too weak to produce spiral arms in
the inner regions. It is only in Models G3, G4, G6 and
G7 where we observe faint spiral arms without a long
bar until t = 1.5 Gyr. Figure 12(a) and (b) plot the
temporal variations of the arm strength 〈F2/F0〉arm and
the arm pitch angle i in the regions with 1.0 kpc ≤ r ≤
2 kpc. Similarly to the Cluster-Galaxy models, the arms
in the Galaxy-Galaxy models decay and wind over time,
but at a slightly faster rate, suggesting that they are
kinematic density waves. This is presumably because the
tidal force decays rapidly as the companion moves away
from the pericenter in the latter models, while the change
of the tidal force along the galaxy orbit is moderate in
the former models. Again, the decaying rate of the arms
is proportional to the arm strength. The arms in Model
G7 are weaker than in Model G3 with the same Rperi
due to the stabilizing effect of the concentrated halo.
Figure 11. Evolution of the bar pattern speed Ωb in all models
with a bar. All bars slow down with time by transferring their an-
gular momenta to the surrounding halos, with the rates insensitive
to the strength of the tidal forcing.
Figure 12(c) plots 〈F2/F0〉arm as a function of i for
Models G3, G4, G6, and G7. The arms decay as they
wind out, showing a weak positive correlation between
the arm strength and the pitch angle. The grey circle
corresponds to the faint arms in VCC856, in excellent
agreement with the arms in Model G4 at t ∼ 1.4–1.5 Gyr.
This suggests that VCC856 can be well described by
Galaxy S1 that underwent tidal interactions of strength
TFG = 0.015 with its neighbor about ∼ 0.85 Gyr ago.
Figure 13 plots a face-on view of the stellar surface den-
sity and the spiral structures in the z = 0 plane at
t = 1.5 Gyr in Model G4. Although the spiral arms are
not clearly recognized from the surface density map es-
pecially in the inner regions, they manifest themselves as
two-armed spirals in the distribution of F2/F0.
5. DISCUSSION AND SUMMARY
Using N -body simulations, we have examined the ef-
fects of the tidal forces on the evolution of dwarf galaxies.
Our work begins from the assumption that VCC 856 is an
infalling progenitor of disk-type dwarf galaxyies, which
lacks gas contents presumably by ram-pressure stripping,
but still preserves the dynamical properties from its early
phase without undergoing mergers or strong tidal en-
counters. Paper I investigated the stability of VCC 856
in isolation by varying parameters within the observed
error ranges, finding that the infalling progenitors are in-
trinsically unstable to the bar formation. As the second
paper of the series, we study the tidal effects by either
cluster potential or a companion galaxy on the formation
of bars and spirals. We consider two types of models:
Cluster-Galaxy models and Galaxy-Galaxy models. In
the Cluster-Galaxy models, we place two galaxy models
(S1 and DM2) taken from Paper I around an NFW halo
whose mass, size, and concentration are similar to the
Virgo cluster. Galaxies S1 and DM2 are nearly identi-
cal except that the latter has the dark matter fraction
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Figure 12. Temporal changes of (a) the strength 〈F2/F0〉arm and
(b) the arm pitch angle i of the arms measured at r = 1.0–2.0 kpc
in Models G3, G4, G6, and G7. (c) Correlation between 〈F2/F0〉
and i for Models G3, G4, G6, and G7. The properties of the arms
in VCC 856 are marked by a grey circle.
within the effective radius about twice higher than the
former. In the Galaxy-Galaxy models, we let two galax-
ies undergo tidal encounters by differing the pericenter
distance. It should be reminded that VCC 856 is a bulge-
less galaxy and has spiral arms with pitch angle i = 12◦
and the fractional arm amplitude ∼ 3–4% in the inner
disk.
5.1. Cluster Effects
We find that the tidal effects by the Virgo-like cluster
halo on the stability of dwarf disk galaxies are moderate.
In our Cluster-Galaxy models with Galaxy S1, the bar
formation occurs earlier by only ∼ 1 Gyr than in Galaxy
S1 in isolation (Fig. 3). The models with different spin
orientations also form a bar at nearly the same epoch
as the prograding counterpart. On the other hand, the
tidal force that forms a bar in Models C1 to C4 does
not trigger the bar formation in Models C5 and C6 with
Galaxy DM2. This indicates that the effect of the cluster
tidal force on the bar formation in dwarf disk galaxies is
not significant. The main reason for this is of course
dwarf galaxies are small in size and mass.
Owing to the weak tidal forces, the properties of the
bars such as length, shape (Fig. 6), and pattern speed
(Fig. 11) are not much different from those of the bars
formed in isolation. This is consistent with Miwa &
Noguchi (1998) who suggested that the properties of bars
by a weak tidal force highly depend on the kinematics of
galaxies, while a strong tidal encounter can significantly
alter the outcomes. Compared to  Lokas et al. (2016)
who studied evolution of normal disk galaxies in clusters
with the same cluster halo and orbital parameters with
our Models C1 to C4, the properties of the bar in their
Model S1 on the innermost orbit are found to be strongly
dependent on the tidal forces because their galaxy models
are more massive with higher TFC than ours. Especially,
the initial pattern speed of their Model S1 is much lower,
whereas the rest of their models that undergo relatively
weak tidal forces have pattern speeds similar to those
obtained in our paper.
Although the tidal force does not affect the bar for-
mation much, it is able to induce spiral arms at early
time (Fig. 2) and subsequent radial heating (Fig. 7) in
the disks whose spin axis is parallel to the orbit axis.
As in Minchev & Quillen (2006) who demonstrated that
the formation of spirals is another heating mechanism
aside from the bar formation, the disk heating in the
radial direction is enhanced only in our prograding mod-
els with spiral structures, with the amount of heating
proportional to the tidal force. Meanwhile, the velocity
anisotropy is directly related to the occurrence of buck-
ling instability (Combes & Sanders 1981; Combes et al.
1990; Raha et al. 1991; Merritt & Sellwood 1994) and
even vertical heating before the bar formation (Paper I).
Model C1 that suffers the most radial heating on the
innermost orbit is ended up undergoing continual disk
warping in the vertical directions (Fig. 8) as a result of
increasing velocity anisotropy even before its bar fully
grows. Amongst all models, Model C1 forms the short-
est bar owing to the spiral-driven radial heating, the tidal
heating, and the vertical warping, all of which eventually
cause the stellar orbits to move away from bar-supporting
orbits.
Whereas the stellar components of our models display
no dramatic change in mass, the galactic halos experience
vigorous mass stripping multiple times near the pericen-
ter passages, losing up to ∼ 80% of the total mass within
the initial virial radius (Fig. 9). From the comparison
between Models C1 and C5, the mass truncation is more
effective on inner orbits and less effective in more com-
pact galaxies, consistent with the previous results that
the tidal truncation is moderate in more compact sys-
tems (Richstone 1976; White 1976; Merritt 1983; Gnedin
2003b). This halo truncation can potentially reduce the
stabilizing effect of the halo against the bar formation
(Ostriker & Peebles 1973; Christodoulou et al. 1995; Sell-
wood & Evans 2001; Paper I).
The bars formed in our models slow down as they
lose their angular momenta to the surrounding halos
(Fig. 10), which in turn boosts the bar growth (Athanas-
soula 2005; Berentzen et al. 2006; Athanassoula 2007,
2014; Sellwood 2016; Paper I). In case of the prograde
spin (e.g., model C1), the cluster tidal force makes the
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Figure 13. Face-on views of (a) the stellar density ρ in the z = 0 plane and (b) the overdensity contours of F2 overlaid in Model
G4 at t = 1.5 Gyr that resemble the arms in VCC 856. The colorbar gives ρ in units of M kpc km s−1. The arms have the strength
〈F2/F0〉arm = 0.036 and pitch angle i = 12◦ at this time as indicated.
bar rotate temporarily faster and even controls the bar
orientation on the innermost orbit, taking away ∼ 62% of
the initial Lz,? (e.g.,  Lokas et al. 2016). Even in the ret-
rograding model, Model R1, we find that its bar still loses
a comparable amount of Lz,?. However, unlike the pro-
grading galaxies, the retrograding galaxy does not suffer
from the spiral-driven radial heating, so that it ends up
with possessing a longer bar than Model C1. All the
bars formed in our models undergo vertical buckling in-
stabilities, resulting in bar shortening and disk thickening
(Fig. 5). The strength of the vertical instability is pro-
portional to the bar length and strength (Figs. 6 and 8),
consistent with the results of Paper I.
We find that the infalling dwarf galaxies overall do not
undergo any dramatic morphological transformation by
the cluster tidal forces. One major morphological tran-
sition is the episode of the buckling instability, but its
occurrence is irrelevant to the cluster as it also arises
in isolated dwarf disks galaxies. Hence, the formation of
kinematically static dEs and lens-like components, which
are known as ‘defunct bars’ (Kormendy 1979; Kormendy
& Kennicutt 2004), is not observed in our simulations.
Considering that a realistic cluster is not isotropic and
grows by mergers in time, the actual orbits of galaxies
would be irregular (Gnedin 2003a), and the cluster ef-
fects would be even weaker as the cluster mass would be
lower in early time (Moore et al. 1999). Yet, among other
cluster environments, direct galaxy-galaxy collisions and
multiple tidal shocking that are not considered in this
work may happen about 10 times during the hierarchi-
cal cluster formation process (Gnedin 2003a) and even
transform a large disk galaxy into an S0 galaxy (Gnedin
2003b). We conjecture that such strong tidal forcing
from high-speed encounters would be more severe for
dwarf galaxies with lower kinetic energy. We defer to
the future work quantitative studies on the distribution
of the barred populations and the formation of missing
populations formed possibly by multiple, high-speed en-
counters.
5.2. Formation of Faint Spirals
In all the Cluster-Galaxy models, the tidal field of the
cluster potential is moderate on dwarf galaxies and can
trigger the formation of faint spirals that were unseen
in simulated galaxies in isolation (e.g., Paper I). A two-
armed spiral structure forms only in models with pro-
grading galaxies. The arms are weaker in models with
lower tidal strength and in more dark-matter dominant
galaxies (Figs. 1 and 2). The sprial arms produced by
the cluster tidal field are more loosely wound than those
observed in VCC856.
In Galaxy-Galaxy models, two of our target galax-
ies (S1 and DM2) with the pericenter distance rperi =
9.6 kpc immediately result in the bar formation due to
strong tidal forces. On the other hand, Galaxy DM2
with rperi = 16.5 kpc does not form clear spirals in the
disk, due to the weak tidal forces and the stabilizing ef-
fect of the compact halo. Compared to the evolution of
the spiral arms formed under the cluster tidal field, the
spiral arms induced by its neighbor decay faster as the
tidal forcing by its companion fade away rapidly.
Less than 1 Gyr after the galaxy interaction, Galaxy S1
in Model G4 forms tightly-wound and faint spiral arms
similar to the observed ones in VCC 856. Jerjen et al.
(2000) suggested that the origin could be either swing
amplification of internally-driven perturbations or a tidal
force by a nearby galaxy, and our results advocate the
tidal origin. For the formation conditions of spiral arms,
we emphasize that the tidal force should be weak, and
the stellar disk needs to be marginally unstable without
an excessively concentrated halo. If the gravitational po-
tential of the Virgo cluster is the driver for such spirals,
VCC 856 should be on a prograding orbit with a tidal
force somewhere between Models C3 and C4.
We thank the anonymous reviewer for his/her con-
structive suggestions. S.K. thanks In Sung Jang for use-
ful discussions. S.K. and S.C.R appreciate Helmut Jer-
jen’s helpful suggestions at the KASI-CNU Joint Work-
shop. The work of W.-T. Kim was supported by the Na-
tional Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIT) (2019R1A2C1004857).
S.C.R. was supported by the Basic Science Research Pro-
Tidal Effects on Dwarf Galaxies 15
gram through the NRF of Korea funded by the Ministry
of Education (2018R1A2B2006445). Support for this
work was also provided by the NRF to the Center for
Galaxy Evolution Research (2017R1A5A1070354). The
computation of this work was supported by the Super-
computing Center/Korea Institute of Science and Tech-
nology Information with supercomputing resources in-
cluding technical support (KSC-2018-CHA-0047).
REFERENCES
Araki, S. 1985, Ph.D. Thesis, Massachusetts Institute of
Technology
Athanassoula, E., & Sellwood, J. A. 1986, MNRAS, 221, 213
Athanassoula, E. 2003, MNRAS, 341, 1179
Athanassoula, E. 2005, Annals of the New York Academy of
Sciences, 1045, 168
Athanassoula, E. 2007, Astrophysics and Space Science
Proceedings, 3, 195
Athanassoula, E., Machado, R. E. G., & Rodionov, S. A. 2013,
MNRAS, 429, 1949
Athanassoula, E. 2014, MNRAS, 438, L81
Baba, J., Saitoh, T. R., & Wada, K. 2013, ApJ, 763, 46
Barazza, F. D., Binggeli, B., & Jerjen, H. 2002, A&A, 391, 823
Barazza, F. D., Binggeli, B., & Jerjen, H. 2003, A&A, 407, 121
Berentzen, I., Athanassoula, E., Heller, C. H., & Fricke, K. J.
2004, MNRAS, 347, 220
Berentzen, I., Shlosman, I., & Jogee, S. 2006, ApJ, 637, 582
Berentzen, I., Shlosman, I., Martinez-Valpuesta, I., & Heller,
C. H. 2007, ApJ, 666, 189
Buta, R., & Combes, F. 1996, FCPh, 17, 95
Byrd, G., & Valtonen, M. 1990, ApJ, 350, 89
Byrd, G. G., & Howard, S. 1992, AJ, 103, 1089
Carlberg, R. G., & Freedman, W. L. 1985, ApJ, 298, 486
Christodoulou, D. M., Shlosman, I., & Tohline, J. E. 1995, ApJ,
443, 551
Combes, F., & Sanders, R. H. 1981, A&A, 96, 164
Combes, F., Debbasch, F., Friedli, D., & Pfenniger, D. 1990,
A&A, 233, 82
Comerford, J. M., & Natarajan, P. 2007, MNRAS, 379, 190
De Rijcke, S., Dejonghe, H., Zeilinger, W. W., & Hau, G. K. T.
2003, A&A, 400, 119
De Simone, R., Wu, X., & Tremaine, S. 2004, MNRAS, 350, 627
Donner, K. J., & Thomasson, M. 1994, A&A, 290, 785
D’Onghia, E., Vogelsberger, M., Faucher-Giguere, C.-A., &
Hernquist, L. 2010, ApJ, 725, 353
Elmegreen, B. 1996, IAU Colloq. 157: Barred Galaxies, 91, 197
Farouki, R., & Shapiro, S. L. 1981, ApJ, 243, 32
Fujii, M. S., Baba, J., Saitoh, T. R., et al. 2011, ApJ, 730, 109
Geha, M., Guhathakurta, P., & van der Marel, R. P. 2003, AJ,
126, 1794
Gajda, G.,  Lokas, E. L., & Athanassoula, E. 2017, ApJ, 842, 56
Gerin, M., Combes, F., & Athanassoula, E. 1990, A&A, 230, 37
Gerssen, J. 2000, Stellar kinematics in disk galaxies (Groningen:
Proefschrift, Rijksuniversiteit)
Ghigna, S., Moore, B., Governato, F., et al. 1998, MNRAS, 300,
146
Gnedin, O. Y. 2003, ApJ, 582, 141
Gnedin, O. Y. 2003, ApJ, 589, 752
Grand, R. J. J., Kawata, D., & Cropper, M. 2012, MNRAS, 421,
1529
Grand, R. J. J., Kawata, D., & Cropper, M. 2013, A&A, 553, A77
Hernquist, L. 1990, ApJ, 356, 359
Hohl, F. 1971, ApJ, 168, 343
Janz, J., Laurikainen, E., Lisker, T., et al. 2012, ApJ, 745, L24
Janz, J., Laurikainen, E., Lisker, T., et al. 2014, ApJ, 786, 105
Jenkins, A., & Binney, J. 1990, MNRAS, 245, 305
Jetley P., Gioachin F., Mendes C., Kale L. V., and Quinn T. R.,
2008, in Proceedings of IEEE International Parallel and
Distributed Processing Symposium 2008.
Jetley P., Wesolowski L., Gioachin F., V. Kale L., and Quinn T.
R., 2010, in Proceedings of the 2010 ACM/IEEE International
Conference for High Performance Computing, Networking,
Storage and Analysis, SC 10, Washington, DC, USA, 2010.
IEEE Computer Society.
Jerjen, H., Kalnajs, A., & Binggeli, B. 2000, A&A, 358, 845
Kalnajs, A. J. 1972, ApJ, 175, 63
Kalnajs, A. J. 1977, ApJ, 212, 637
Kazantzidis, S., Magorrian, J., & Moore, B. 2004, ApJ, 601, 37
Klypin, A., Valenzuela, O., Col´ın, P., & Quinn, T. 2009, MNRAS,
398, 1027
Kormendy, J. 1979, ApJ, 227, 714
Kormendy, J., & Kennicutt, R. C., Jr. 2004, ARA&A, 42, 603
Kim, W.-T., Seo, W.-Y., Stone, J. M., Yoon, D., & Teuber, P. J.
2012, ApJ, 747, 60
Kwak, S., Kim, W.-T., Rey, S.-C., & Kim, S. 2017, ApJ, 839, 24
Lang, M., Holley-Bockelmann, K., & Sinha, M. 2014, ApJ, 790,
L33
Lisker, T., Glatt, K., Westera, P., & Grebel, E. K. 2006, AJ, 132,
2432
Lisker, T., Grebel, E. K., & Binggeli, B. 2006, AJ, 132, 497
Lisker, T., Grebel, E. K., Binggeli, B., & Glatt, K. 2007, ApJ,
660, 1186
Lisker, T., & Fuchs, B. 2009, A&A, 501, 429
Lisker, T., Brunngra¨ber, R., & Grebel, E. K. 2009, Astronomische
Nachrichten, 330, 966
 Lokas, E. L., Athanassoula, E., Debattista, V. P., et al. 2014,
MNRAS, 445, 1339
 Lokas, E. L., Ebrova´, I., del Pino, A., et al. 2016, ApJ, 826, 227
 Lokas, E. L. 2018, ApJ, 857, 6
Martinez-Valpuesta, I., & Shlosman, I. 2004, ApJ, 613, L29
Martinez-Valpuesta, I., Shlosman, I., & Heller, C. 2006, ApJ, 637,
214
Mastropietro, C., Moore, B., Mayer, L., et al. 2005, MNRAS, 364,
607
Mayer, L., Governato, F., Colpi, M., et al. 2001, ApJ, 559, 754
Mayer, L., & Wadsley, J. 2004, MNRAS, 347, 277
Minchev, I., & Quillen, A. C. 2006, MNRAS, 368, 623
Miwa, T., & Noguchi, M. 1998, ApJ, 499, 149
Menon, H., Wesolowski, L., Zheng, G., Jetley, P., Kale, L., Quinn,
T., Governato, F., 2015, Computational Astrophysics and
Cosmology, 2, 1.
Merritt, D. 1983, ApJ, 264, 24
Merritt, D. 1984, ApJ, 276, 26
Merritt, D., & Sellwood, J. A. 1994, ApJ, 425, 551
Miller, R. H., Prendergast, K. H., & Quirk, W. J. 1970, ApJ, 161,
903
Moore, B., Lake, G., Quinn, T., & Stadel, J. 1999, MNRAS, 304,
465
Moore, B., Lake, G., & Katz, N. 1998, ApJ, 495, 139
Moore, B., Katz, N., Lake, G., Dressler, A., & Oemler, A. 1996,
Nature, 379, 613
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ, 490,
493
Noguchi, M. 1996, ApJ, 469, 605
Oh, S. H., Kim, W.-T., Lee, H. M., & Kim, J. 2008, ApJ, 683, 94
Oh, S. H., Kim, W.-T., & Lee, H. M. 2015, ApJ, 807, 73
Ostriker, J. P., & Peebles, P. J. E. 1973, ApJ, 186, 467
Pereira, M. J., & Bryan, G. L. 2010, ApJ, 721, 939
Pettitt, A. R., Tasker, E. J., & Wadsley, J. W. 2016, MNRAS,
458, 3990
Pontzen, A., Rosˇkar, R., Stinson, G., & Woods, R. 2013,
Astrophysics Source Code Library, ascl:1305.002
Raha, N., Sellwood, J. A., James, R. A., & Kahn, F. D. 1991,
Nature, 352, 411
Richstone, D. O. 1976, ApJ, 204, 642
Sellwood, J. A., & Carlberg, R. G. 1984, ApJ, 282, 61
Sellwood, J. A., & Merritt, D. 1994, ApJ, 425, 530
Sellwood, J. A., & Evans, N. W. 2001, ApJ, 546, 176
Sellwood, J. A., & Binney, J. J. 2002, MNRAS, 336, 785
Sellwood, J. A. 2016, ApJ, 819, 92
Semczuk, M.,  Lokas, E. L., & del Pino, A. 2017, ApJ, 834, 7
Seo, W.-Y., Kim, W.-T., Kwak, S., et al. 2019, ApJ, 872, 5
Simien, F., & Prugniel, P. 2002, A&A, 384, 371
Smith, R., Davies, J. I., & Nelson, A. H. 2010, MNRAS, 405, 1723
Sotnikova, N. Y., & Rodionov, S. A. 2005, Astronomy Letters, 31,
15
Springel, V., & White, S. D. M. 1999, MNRAS, 307, 162
Toloba, E., Boselli, A., Cenarro, A. J., et al. 2011, A&A, 526,
A114
Toloba, E., Boselli, A., Peletier, R. F., et al. 2012, A&A, 548, A78
16 Kwak et al.
Toloba, E., Guhathakurta, P., Peletier, R. F., et al. 2014, ApJS,
215, 17
Toloba, E., Guhathakurta, P., Boselli, A., et al. 2015, ApJ, 799,
172
Toomre, A. 1966, Geophys. Fluid Dyn., No. 66-46, 111
White, S. D. M. 1976, MNRAS, 177, 717
Yurin, D., & Springel, V. 2014, MNRAS, 444, 62
